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THE DETONATION VELOC ITY-LOAD1 NG DENSITY RELATION 

FOR SELECTED EXPLOSIVES AND MIXTURES 

OF EXPLOSIVES 

Donna P r i c e  

Naval Surface Weapons Center,  White Oak, 
S i l v e r  Spr ing ,  MD, 20910, U.S.A. 

ABSTRACT 

Recent de tona t ion  v e l o c i t y  (D) - l o a d i n g  d e n s i t y  (p,) data 

f o r  pure exp los i ves  have been rev iewed and p r e f e r r e d  l i n e a r  

D-P, curves  se lec ted .  These were then used t o  p r e d i c t  D o f  

m ix tu res  a t  d e n s i t i e s  o f  1.0 and 1.6 g/cm’. 

used was q u i t e  success fu l  i n  b o t h  ranges w i t h  t h e  excep t ion  o f  

h i g h  p o r o s i t y  PETN mix tu res .  

was s a t i s f a c t o r y  i n  t h e  low p o r o s i t y  range, b u t  unacceptab le  

i n  t h e  h i g h  p o r o s i t y  range f o r  b o t h  pure and mixed h i g h  exp lo -  

s i ves  (HE). 

HE a t  p o  = 1.6 g/cm and f o r  10 o f  15 a t  p o  = 1.0 g/cm . 

The a d d i t i v i t y  l aw  

The U r i z a r  method o f  p r e d i c t i o n  

The Kamlet method was s a t i s f a c t o r y  f o r  13 o f  15  
3 3 
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INTRODUCTION 

For many years ,  i t  has been accepted tha t  detonation 

veloci ty  (0) i s  a l i n e a r  function of the loading density (0,) 

in the range p o  -> 1. 

l inear  r e l a t ions  derived from the extensive E R L  data f o r  

numerous explosives.  

data of charges prepared from the f i n e s t  pa r t i c l e  s i z e  HE and 

Indeed, in 1945, Hurwitzl published 

His s t r a i g h t  l ines  were drawn through 

with the l a rges t  diameter a t  p o  -> 0.8 g/cm’. 

of slopes and  in te rcepts  have withstood the t e s t  of time very 

well;  they a re  quoted in a t  l e a s t  two and  in many 

reports.  However in 1961, i t  was reported t h a t  the D vs p 

curve o f  TNT showed a sharp change in slope a t  p, = 1.5324 

Hurwitz’s values 

4 

g/cm’. 

was reported in  the  curve fo r  PETN 

About nine years l a t e r ,  a s imi la r  change in slope 
5 3 a t  p, = 1.65 g/cm . 

There i s  a possible explanation f o r  t h i s  deviant behavior, 

and one object ive of t h i s  work i s  t o  point i t  out.  A second 

i s  t o  f ind  an acceptable way t o  p red ic t  the detonation veloc- 

i t y  of a porous mixture from a knowledge of D(p,) of the 

components. F ina l ly ,  the predict ions will  be compared with 

experimental values and with approximations obtained by 

several  methods. 

In e f f o r t s  t o  obtain high density pressed charges,  

some inves t iga tors  have used heated molds or solvents  or 

both in the pressing procedure. In general ,  there  i s  no 
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r e c o r d  o f  how t h i s  would make t h e  charge behav io r  d i f f e r  f rom 

t h a t  o f  t h e  more w i d e l y  used co ld -pressed charges. 

u l a r ,  i t  may inc rease t h e  c r i t i c a l  d iameter dc and hence t h e  

diameter e f f e c t  on D o f  any s i z e  charge. 

be expected f o r  HE such as TNT and PETN which f l o w  e a s i l y  

under pressure.  

pressed a t  72-76°C i n  t h e  presence o f  a l i t t l e  acetone. 

I n  p a r t i c -  

These e f f e c t s  would 

Rempe16 has demonstrated t h e  e f f e c t  f o r  TNT 

F igu re  1 i l l u s t r a t e s  i t  f o r  8-13 mm d i a  charges. Since F ig .  1 

shows t h e  t r e n d  dc i n c r e a s i n g  w i t h  i n c r e a s i n g  p , ,  t h e  oppos i te  

o f  t h a t  found f o r  c o l d  pressed charges7, i t  i s  reasonable t o  

suppose t h a t  t h e  ho t -p ress ing  (a ided  by s o l v e n t )  has n o t  o n l y  

inc reased p ,  b u t  a l s o  cons ide rab ly  changed t h e  phys i ca l  na tu re  

o f  t h e  charge. T h i s  i s  p a r t i c u l a r l y  l i k e l y  i n  view o f  t h e  low 

m e l t i n g  p o i n t  of TNT (80.5"C). 

p o r o s i t y ,  hot-pressed charges approach a c a s t  TNT r a t h e r  than 

a c o l d  pressed one i n  t h e i r  s t r u c t u r e .  Whi le i t  has n o t  been 

I n  o t h e r  words t h e  ve ry  low 

e s t a b l i s h e d  t h a t  c a s t  and pressed TNT d i f f e r  i n  D, i t  has been 

repo r ted  t h a t  a t  %30 mm d i a  and p ,  = 1.62 g/cm the  c a s t  TNT 

has a de tona t ion  v e l o c i t y  about 50 m/s lower  than t h e  c o l d  

3 

pressed 859 . 
SINGLE EXPLOSIVES 

TNT - 
Ref. 4 r e p o r t s  what a re  p robab ly  t h e  most p r e c i s e  

de tona t ion  v e l o c i t i e s  measured f o r  TNT. However, a l l  charges 
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of p ,  > 1.44 g/cm' were made by hot-pressing (%70°C). The 

equation derived f o r  inf ini te  diameter o r  ideal detonation 

veloci ty  in the range p,  2 0.9 g/cm was 3 

1.8727 + 3.1872 p, 0.9 -< p, -< 1.5342 

6.7625 + 3.1872 (p, - 1.5342) 
Di ( ~ / L I s )  = 

- 25.102 (p, - 1.5342)2 
3 3 ' +  115.056 (p, - 1.5342) , 1.5342 5 p,  5 1.636 g/cm 

Recent quote E q .  1 without the cubic term or any 

comment on i t s  absence. 
1 F i g .  2 compares E q .  1 w i t h  t h a t  derived by Hurwitz: 

D i  = 1.785 + 3.225 p ,  ( 2 )  

Each curve has been terminated a t  the highest experimental 

density reported.  The two s e t s  of r e s u l t s  a re  within experi-  

mental e r r o r  except a t  the higher dens i t i e s  where hot-pressed 

charges were used. There E q .  1 indicates  a sharp decrease in 

the slope; t h a t  could r e s u l t  from a n  increased c r i t i c a l  

diameter such a s  shown in Rempsel's data.  

would increase the diameter e f f e c t  on the measured detonation 

An increased dc 

veloci ty  a t  any given diameter and hence might r e s u l t  in 

Dmeasured < D i .  

Ref. 9 ,  in addi t ion t o  E q .  1 without the cubic term, a l so  

quotes 7.045 m/us* as  D i  f o r  pressed TNT a t  p o  = 1.620 g/cm . 
*This value was derived from Ref. 8 a f t e r  smoothing the function 

3 

D(d) according t o  the method of Ref. 11. 
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3 However Eq. 1 produces Di(1.620 g/cm ) = 6.924 mm/us (6.851 

m / p s  i f  cub ic  term omi t ted ) .  

I f  t h e  change i n  s lope shown by Eq. 1 i s  ignored, t h e  

re1  a t  i on becomes 

( 3 )  
3 Di = 1.8727 + 3.1872 p, P, 2 0.9 g/cm 

Moreover, f o r  p, = 1.62 g/cm3, Eq. 3 produces Di = 7.036 

m/p, i n  q u i t e  good agreement w i t h  t h e  7.045 mm/ps va lue .  

T y p i c a l  h i g h  d e n s i t y  exper imenta l  values o f  (;iypo) are :  

(7.00,1.62)8, (6.91,1.59)12, and (6.91,1.64); 

two s e t s  a r e  Russian, t h e  l a s t  f rom LANL (hot-pressed charge).  

These p o i n t s  a r e  a l s o  p l o t t e d  i n  F ig .  2 t o  demonstrate t h e  

p a t t e r n  o f  Russian data f a i l i n g  t o  e x h i b i t  t h e  change o f  

t h e  f i r s t  

.. 
s lope a t  h i g h  dens i t y .  

by p r e s s i n g  c o l d  charges i n  t h e  h y d r a u l i c  p ress  and a t  

1.64 g/cm i n  t h e  i s o s t a t i c  p ress .  

l i k e l y  t h a t  t h e  Russian data8’12 were ob ta ined  by p r e s s i n g  

c o l d  charges. 

i n g  on t h e  charge performance, i t  i s  suggested t h a t  Eq. 3 be 

used f o r  co ld -pressed charges. 

p r e d i c t i o n  method f o r  m ix tu res  descr ibed l a t e r .  

an exper imenta l  i n v e s t i g a t i o n  o f  t h e  measurable e f f e c t s  on 

dc and D(d) of hot-pressed vs cold-pressed charges i s  

s t r o n g l y  recommended as w e l l .  

NSWC has ob ta ined  TNT a t  1.60 g/cm’ 

3 It seems p o s s i b l e  and even 

I n  v iew o f  t h e  p o s s i b l e  e f f e c t  o f  ho t -p ress-  

I t  w i l l  be so used w i t h  t h e  

O f  course , 
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PETN - 
PETN has a h ighe r  m e l t i n g  p o i n t  t h a n  TNT (141”C), b u t  

i t  f l o w s  e a s i l y  under pressure.  

ments on PETN a r e  p robab ly  those of Ref. 5. 

d i d  n o t  s t a t e  whether t h e  p r e s s i n g  was of c o l d  o r  heated 

PETN. However, LLNL g e n e r a l l y  uses ho t -p ress ing  as does 

LANL. 

The most p r e c i s e  D measure- 

That re fe rence  

Ref. 5 p resen ts  t h e  Di vs p ,  curve  as 

3 2.14 i- 2.84 p, p, c 0.37 g/cm 

3.19 i- 3.70 (p, - 0.37) 

7.92 + 3.05 ( p ,  - 1.65) 

0.37 < p, < 1.65 

p, > 1.65 

3 I n  t h e  i n t e r m e d i a t e  d e n s i t y  range o f  1.0 k 0.2 g/cm , 

Eq. 4 and Ref. 1, 14, and 15 a re  i n  ve ry  c l o s e  agreement. 
* 

(4 )  

Ref. 1 l i m i t s  i t s  da ta  t o  p, 2 0.8 g/cm’. 

Refs. 14 and 15 a r e  s t i l l  i n  good agreement w i t h  Eq. 4 

p r o v i d e d  t h e i r  da ta  a r e  f o r c e d  t o  e x t r a p o l a t e  t o  t h e  theo- 

r e t i c a l  value16 o f  2.19 mm/ps a t  p,  = 0.01 g/cm ; t h a t  va lue  

compares w e l l  w i t h  2.17 m m / w  a t  p ,  = 0 f rom Eq. 4. 

p robab ly  t h e  d i f f i c u l t y  o f  o b t a i n i n g  u n i f o r m  and s t a b l e  charges 

a t  p ,  5 0.5 g/cc t h a t  r e s u l t e d  i n  r e p o r t e d  D measurements a t  

ve ry  low p, w e l l  above t h e  Eq. 4 cu rve  i n  Ref. 14. 

Below t h a t  l i m i t ,  

3 

I t  was 

I n  t h e  range p ,  > 0.95 g/cm’, Eq. 4 i s  shown as t h e  dashed 

l i n e  o f  F ig .  3. A l so  shown i s  t h e  curve  

Di = 1.600 i- 3.950 p ,  (5 )  

f rom Ref. 1. Ref. 5 quotes s i x  exper imenta l  va lues  a t t r i b u t e d  
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t o  a r e p o r t  by E. A. C h r i s t i a n  and H. G. Snay. However, those 

values were a l l  d e r i v e d  from Eq. 5. Table 1 con ta ins  t h e  

a d d i t i o n a l  exper imenta l  data p l o t t e d  i n  F ig .  3. They a re  i n  

TABLE 1. Exper imental  va lues  f o r  Di(P,) of PETN i n  Range 
p, 2 0.95 g/cm3 

D D 
&3 m/us - Ref. Ref. 
1.77 8.60 17 1.51 7.42 12 

1.73 8.35 14 1.51 7.42 14 

1.67 7.98 13 1.37 6.97 14 

1.66 8.10 12 1.03 5.62 14 

1.65 7.92 18 0.97 5.33 14 

1.62 7.91 14 0.95 5.30 12 

3 good agreement w i t h  Eq. 4 up t o  p o  = 1.65 g/cm . Above t h a t  

dens i t y ,  LANL data  l i e  below and t h e  Russian data l i e  above 

t h e  Eq. 4 curve.* For t h e  same reasons cons idered i n  t h e  case 

o f  TNT, i t  i s  suggested t h a t  t h e  equa t ion  

(6) 
3 Di = 1.82 + 3.70 p o  P ,  2 0.8 g/cm 

be used f o r  computing D o f  m ix tu res  c o n t a i n i n g  PETN. 
*It i s  o f  i n t e r e s t  tha t  t h e  LANL curve  f o r  PETN9 

D = 1.608 + 3.933 p ,  0.57 < p, < 1.585 

e x t r a p o l a t e s  t o  8.49 m m / m  a t  p ,  = 1.75 g/cm3. 
q u i t e  c lose  t o  t h e  Russian data.  
o f  Eq. 6. 

T h i s  va lue  l i e s  
O f  course, t h i s  i s  a l s o  t r u e  
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Other Pure HE 

Other s i n g l e  explos ives t o  be considered here are BTNEU, 

DINA, RDX(HMX) , t e t r y l  and TNETB. 

BTNEU, b i s ( t r i n i t r o e t h y l ) u r e a ,  O=C[ (NHCH2C(N02)3]2 i s  a 

h igh energy, s e n s i t i v e  explos ive w i t h  a vo id less  dens i t y  o f  

1.86 g/cm' and a decomposition p o i n t  o f  486°C. 

der ived from exper imental  measurements i n  Ref. 19 and 20: 

I t s  Di was 

Di = 1.42 + 4 . 0 8 ~ ~  (7) 

The charges used were h i g h l y  porous or  contained 2% wax as a 
3 

binder  a t  d . 6  g/cm'. 

0.1% of t he  value measured a t  1.86 g/cm i n  small sca le (conf ined)  

charges. 

However E q .  7 ex t rapo la tes  t o  w i t h i n  
3 

DINA, d ie thano ln i t ram ine  d i n i t r a t e ,  02N-N(CH2CH20N02)2, 
3 has a vo id less dens i t y  o f  1.67 g/cm and m.p. o f  52.5"C. It i s  

an e a s i l y  synthesized, e a s i l y  castable ene rge t i c  explos ive,  

and has been used i n  DDT stud ies.  Ref. 1 g ives for t h i s  HE 

Di = 3.00 + 2 . 9 5 ~ ~  (8)  

A review has been made o f  t h e  data a v a i l a b l e  s ince Ref. 1 was 

publ ished. 

Fig.  4. 

showed t h a t  i t s  measured v e l o c i t y  f e l l  on the  curve obta ined 

w i t h  pressed charges. 

These data are c o l l e c t e d  i n  Table 2 and p l o t t e d  i n  

Measured D f o r  c a s t  D I N A  was inc luded because Ref. 1 
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TABLE 2. Di(po) D a t a  Recent ly  Reported f o r  D I N A  

I 
- 

D g/cm 3 m/us Ref. 

1.67 8.00 17 1.55 7.58 23 

1.64 7.80 21  1.48 7.40 17 

1.60c* 7.72 22 1.36 7 .OO 2 1  

1.60 7.73 23 0.95 5.80** 21  

*Cast. Only charge f o r  which p r e p a r a t i o n  da ta  a re  
I a v a i l a b l e .  

**Value g iven i n  t r a n s l a t i o n  used i s  5.08. However, t h i s  
i s  c l e a r l y  a t ypograph ica l  e r r o r  as can be checked w i t h  
values o f  de tona t ion  pressure  and p a r t i c l e  v e l o c i t y  t h a t  
a re  a l s o  l i s t e d .  

I 

The s o l i d  l i n e  o f  F ig .  4 i s  a l e a s t  squares f i t  t o  t h e  

e i g h t  data p a i r s  o f  Table 2. I t s  equa t ion  i s  

Di = 3.03 i- 2 . 9 3 ~ ~  (9)  

w i t h  o = 0.66 mm/ps. There i s  consequent ly no j u s t i f i c a t i o n  

f o r  changing Eq. 8, p a r t i c u l a r l y  s ince  i t  t r e a t s  a g r e a t e r  

amount o f  data f rom charges prepared by s tandard ized methods 

a t  ERL. 

RDX(HMX) share t h e  same D(p ) f u n c t i o n  which i s  
0 

Di = 2.56 + 3 . 4 7 ~ ~  (10) 

from Ref. 10. 

= 1.0 g/cm 
P O  

equ iva len t  values a t  v o i d l e s s  dens i t y .  

T h i s  equa t ion  f i t s  t h e  RDX m ix tu res  data a t  

b e t t e r  than t h a t  i n  Ref. 9 a l t hough  b o t h  g i v e  

It was demonstrated 

3 
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9 some t ime  ago t h a t  t h e  low p o r o s i t y  LANL data  
10 low p o r o s i t y  LLNL data  

those o f  NSWC24. 

(and hence t h e  

) f o r  RDX were more c o n s i s t e n t  than 

T e t r y l  i s  another  impor tan t  commercial exp los i ve  f o r  

which t h e  D(po)  f u n c t i o n  does n o t  seem t o  have been reexamined 

s ince  1945 . The r e l a t i o n  g i ven  i n  Ref. 1 i s  1 

Di = 2.375 + 3 . 2 2 5 ~ ~  (11) 

On t h e  o t h e r  hand, Ref. 9 g i ves  

Di = 2.742 + 2 . 9 3 5 ~  1.3 -< p, 5 1.69 (12) 

which i s  a p p r e c i a b l y  d i f f e r e n t  f rom Eq. 11. Tab le  3 con ta ins  

some o f  t h e  more r e c e n t  da ta  f o r  t e t r y l ,  and F ig .  5 d i s p l a y s  them 

toge the r  w i t h  Eqs. 11 and 12. 

conform b e t t e r  t o  Eq.  12 than  t o  Eq. 11; hence t h e  fo rmer  w i l l  

be used f o r  m ix tu res .  Ref. 21  values seem t o  r u n  a b i t  low 

and Ref. 17, a b i t  h i g h  as they  d i d  f o r  D I N A .  

t h a t ,  t h e  l a r g e r  d i sc repanc ies  a t  low p o r o s i t y  m igh t  a r i s e  

from d i f f e r e n t  methods o f  charge p repara t i on ,  d i f f e r e n t  

i ns t rumen ta t i on ,  o r  both .  

I t  i s  e v i d e n t  t h a t  t h e  data 

Aside f rom 
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TABLE 3. Additional D i ( p o )  Data f o r  Tetryl 

I 

3 Di 
g/cm m/vs Ref. 

I 1.71 7.85 10 1.51 7.17 26 

1.70 7.860 17 1.506 7.150 27 

1.70 7.560 13 1.44 6.875 28 

1.68 7.50 21 1.36 6.68 21 

1.614 7.581 25 1.22 6.291 14 

1.60 7.400 23 0.9-0.95 5.36 21 

1.55 7.30 23 0.95 5.390 28 

TNETB, (NO2) 3CCH2CH2COOCH2C(N02)3, t r i n i  t roe thy l t r in i  t ro -  

butyrate ,  i s  castable  (m.p .  93OC) high energy explosive.  

Since i t s  D ( p o )  funct o n ,  a s  reported in the 1965 NSWC 

Explosives Handbook, 

function i s  presented here f o r  convenience; i t s  derivation 

was reported i n  NOLTR 68-182. 

s somewhat in e r r o r ,  the corrected 

D .  = 1.947 t 3.660p0, 0 = 0.015 mm/vs (13) 1 

Eq. 13 i s  very s imilar  t o  E q .  6, the analogous re la t ion  f o r  

PETN. 

MIXTURES OF HE 

The experimental values of the mixed HE will be obtained 
20 from the curves reported by Coleburn and Liddiard . In 

general ,  deriving such curves r e su l t s  in averaging and 

compensating fo r  e r ro r s  introduced by unrecognized differences 
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i n  charge p repara t i on ,  measurements, and r e c o r d  read ing .  

a v e l o c i t y  va lue  on a D-p, cu rve  d e r i v e d  f rom a number o f  exper i -  

mental values over  t h e  d e n s i t y  range i s  cons idered o f  equal o r  

g rea te r  accuracy than t h e  i n d i v i d u a l  exper imenta l  values upon 

which i t  i s  based. ( S i m i l a r l y  an average o f  two o r  more e x p e r i -  

mental measurements on charges o f  t h e  same d e n s i t y  i s  cons idered 

t o  be more accu ra te  t h a n  i n d i v i d u a l  measurements.) 

a l s o  cons idered t o  be t h e  case f o r  pure  exp los i ves .  

Thus 

T h i s  i s  

T a b l e  4 D e t o n a t i o n  V e l o c i t y  of HE M i x t u r e s  Es t ima ted  by  A d d i t i v i t y , E q u a t i o n  17 

HE 

BTNEU 

- 

DINA 
HMX 
PETN 
RDX 
T e t r y l  
TNETB 
TNT 

a b bpC P = 1 g/Cm3 pg = 1.6 glcm' 
oc 

g/cm2 mlils m/ps %TMO() Dexp Dcalc % D i f f .  XTMD Dexp Dcalc X D i f f .  
__- 

1.86 1.42 4.08 7.59 
1.67 3.00 2.95 4.93 
1.902 2.56 3.47 6.60 
1.78 1.82 3.70 6.59 
1.806 2.56 3.47 6.27 
1.73 2.742 2.935 5.08 
1.78 1.947 3.660 6.51 
1.654 1.873 3.187 5.27 

M i x t u r e s *  

BTNEUITNT 1.77 1.58 3.81 6.74 56.50 5.39 5.37 -0.4 90.40 7.67 7.62 -0.7 
60/40 

HMX/TNT 

P e n t o l  i t e  

PTX-2 

74.8125.2 1.833 2.42 3.33 6.10 54.56 5.75 5.80 +0.9 87.29 7.74 7.86 +1.6 

50150 1.71 2.33 3.17 5.42 58.48 5.50 5.31 -3.5 93.57 7.40 7.40 0.0 

PETNIRDXfTNT 
28143.2128.8 

RDXITNT 

RDX/TNT 

T e t r y l  ITNT 

1.75 

60140 1.74 

75/25 1.77 

70130 1.71 

2.57 3.23 5.65 5 7 . 1 4 5 . 8 0 5 . 6 2  -3.1 91.43 7.74 7.71 -0.4 

2.59 3.16 5.50 5 7 . 4 7 5 . 7 5 5 . 6 6  -1.6 91.95 7.65 7.68 -0.4 

2.54 3.29 5.82 5 6 . 5 0 5 . 8 3 5 . 7 9  -0.7 90.40 7.80 7.83 +0.4 

2.80 2.75 4.70 5 8 . 4 8 5 . 5 5 5 . 4 9  -1.1 93.57 7.20 7.29 t l . 3  - - 
Av. abs. e r r o r  - 1.6 0.7% 

(0.9% without  PETN mixes )  

'Values from Ref.  20. 

Table 4 c o n t a i n s  a summary o f  t h e  D ( p , )  f u n c t i o n s  chosen f o r  

t h e  s i n g l e  HE and those g i ven  i n  Ref. 20 f o r  t h e  m ix tu res .  A l l  

a re  i n  t h e  form 

D .  1 = a t bp, (14) 
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In addition t o  a and b y  the in te rcept  and the slope,  pc  ( t he  

voidless o r  theore t ica l  maximum density or TMD) i s  a l so  l i s t e d .  

Eq.  14 can be rearranged t o  

D .  1 = a +bocA (15) 

where 

A = p o / p c  = %TMD/100 

For this reason, bpC i s  l i s t e d  in Table 4. 

In addi t ion,  Table 4 contains the curves derived from the 

data o f  Ref. 20 f o r  mixtures of H E .  

a re  included in the Ref. 1 compendium: pento l i te ,  cyclotol 60/40 

(Ref. 1 does not dis t inguish between t h i s  cyclotol and Comp B )  

and t e t ry to l  70. 

t i a l l y  the same i . e . ,  l e s s  t h a n  1% difference f o r  pento l i te  and 

1 - 1.4% difference fo r  the cyclotol ;  the Ref. 20 data gave 

higher values,  possibly because Comp B (Ref. 1) includes 1% 

wax. However, the two t e t ry to l  curves differed s ign i f i can t ly  

Only three of the mixtures 

In the f i r s t  two cases ,  the curves were essen- 

(ca. 5% a t  1 g/cm3 - not as  much a t  higher dens i t i e s . )  

curve from Ref. 20 was used. 

The 

To predict  Di  f o r  a mixture from known D i ( p o )  of the 

components , the add i t iv i ty  re la t ion  

DifPJmix = 1 x .  J D J ’  

where x .  i s  weight f rac t ion  of component j and Dj i s  the ideal 

detonation veloci ty  of component j a t  the porosity of the mixture, 

was suggested some time ago I t  was a t  t h a t  time applied only 

t o  mater ia ls  a t  voidless densi ty;  f o r  the present appl icat ion i t  

f 16) 
j 

J 

29 . 
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has been genera l i zed  t o  any p o r o s i t y  i n  t h e  l i n e a r  range o f  t h e  

D(p,) f u n c t i o n s .  

t h e  p r e d i c t i v e  equa t ion  

Eq. 16 i n  c o n j u n c t i o n  w i t h  Eq. 15 produces 

r 

Eq. 17 has been used t o  p r e d i c t  t h e  de tona t ion  v e l o c i t y  o f  

m ix tu res  a t  d e n s i t i e s  o f  1.0 and 1.6 g/cm’. 

observed va lues  a r e  l i s t e d  i n  Table 4. 

The p r e d i c t e d  and 

About f o r t y  yea rs  ago, U r i z a r  fo rmu la ted  an e m p i r i c a l  

equat ion  f o r  p r e d i c t i n g  d e t o n a t i o n  v e l o c i t y  f rom a knowledge o f  

de tona t ion  v e l o c i t y  a t  c r y s t a l  d e n s i t y  (Dc) of each m i x t u r e  

component. H i s  express ion ,  desc r ibed  on p.  8-10 o f  Ref. 10 i s  

J 
where y i s  volume f r a c t i o n  o f  component j .  For non-exp los ive  

components such as  a i r ,  A1 and NaC1, he gave e m p i r i c a l  va lues  

f o r  Dc. 

j 

For a i r  ( v o i d s )  t h i s  e m p i r i c a l  number i s  1.5 mm/ps. 

Since f o r  each s o l i d  component, 

and f o r  t h e  vo ids  
s o l  i d s  

y a 1 y j  = 1 - ( X  TMD/100) (20) 

Ea. 18 becomes 

3 Eq. 21  was used t o  c a l c u l a t e  Di a t  p, = 1.0 and 1.6 g/cm f o r  

bo th  s i n g l e  exp los i ves  and m ix tu res .  The exper imenta l  and 

computed va lues  a re  l i s t e d  i n  Tab le  5. 
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The l a s t  approx imat ion ,  aga in  a p p l i c a b l e  t o  e i t h e r  pure HE o r  

t h e i r  m ix tu res ,  t o  be cons idered here  i s  t h a t  o f  Kamlet3’. T h i s  

approx imat ion  i s  based on t h e  a r b i t r a r y  decomposi t ion t h a t  uses 

the  a v a i l a b l e  oxygen i n  t h e  HE t o  fo rm H20(g) and GO2 i n  t h a t  

sequence. Then 

Di(mm/w) = 1.011$”~ (1 t 1.30 p , )  ( 2 2 )  
1/2 1/2 where p, i s  d e n s i t y  i n  g/cm3, and I$ = NM 

Qarb are ,  r e s p e c t i v e l y ,  number o f  moles o f  gaseous produc ts  pe r  

gram HE, average mo lecu la r  we igh t  of gaseous produc ts ,  and t h e  

s p e c i f i c  chemical energy of t h e  de tona t ion  r e a c t i o n .  The va lues  

o f  N, M y  Qarb, and I$ are  a l l  determined by t h e  a r b i t r a r y  equa t ion  

used. Again Di va lues  a t  p, = 1.0 and 1.6 g/cm3 have been 

computed and a r e  compared t o  t h e  observed va lues  i n  Table 6. 

The Table 4 da ta  show t h a t  t h e  a d d i t i v i t y  method of Eq. 17 

Qarb; N, M y  and 

i s  a ve ry  good way t o  p r e d i c t  v e l o c i t i e s  o f  these mixed HE a t  

moderate t o  l ow  p o r o s i t i e s  (p, 2, 1.6 g/cm ).  

l u t e  e r r o r  i s  l e s s  than 1% and t h e  i n d i v i d u a l  e r r o r  l e s s  than 2%. 

With t h e  excep t ion  o f  m i x t u r e s  c o n t a i n i n g  PETN, i t  i s  e q u a l l y  

3 I t s  average abso- 

e f f e c t i v e  a t  h i g h  p o r o s i t y  ( p  2, 1.0 g/cm’), b u t  t h e  PETN 

mix tu res  show e r r o r s  o f  up t o  -3.5%. 

i s  t h a t  Eq. 17 assumes no i n t e r a c t i o n  between t h e  de tona t ion  

produc ts  o f  t h e  low and h i g h  oxygen components o f  t h e  m ix tu res .  

A t  h i g h  p o r o s i t i e s  t h e  r e a c t i o n  t ime i s  g r e a t e r  and t h e  r e a c t i o n  

temperature h i g h e r  t h a n  a t  low p o r o s i t y .  Under these c o n d i t i o n s  

i n t e r a c t i o n s ,  absent a t  low p o r o s i t i e s ,  m igh t  occur and r e s u l t  

A p o s s i b l e  reason f o r  t h i s  
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i n  i n c r e a s i n g  t h e , d e t o n a t i o n  v e l o c i t y .  

somewhat p robab le  i n  v iew o f  t h e  f a c t  t h a t  t he  Kamlet method, 

which assumes complete i n t e r a c t i o n ,  i s  s a t i s f a c t o r y  f o r  these 
3 m ix tu res  a t  p ,  = 1.0 g/cm 

h ighe r  d e n s i t y  f o r  t h e  h i g h  oxygen component, PETN 

Th is  p o s s i b i l i t y  seems 

desp i te  i t s  u n s a t i s f a c t o r y  r e s u l t  a t  

30 . 
As t h e  Table 5 data show, t h e  U r i z a r  method i s  almost 

e q u a l l y  acceptab le  f o r  b o t h  pure  and mixed HE a t  p o  % 1.6 g/cm . 
It i s ,  however, q u i t e  inadequate a t  h i g h  p o r o s i t i e s  where 

i n d i v i d u a l  r e s u l t s  va ry  f rom t h e  exper imenta l  by a s  much as 10% 

and t h e  average abso lu te  d i f f e r e n c e  i s  6-7%. 

3 

The Kamlet method (Tab le  6 )  gave e x c e l l e n t  r e s u l t s  f o r  t h i s  

s e t  o f  m ix tu res  a t  p ,  = 1.6 g/cm, and, w i t h  t h e  excep t ion  o f  t h e  

TABLE 6 Detonation Veloc i ty  of Pure and Mixed HE Predicted by Method o f  Kainlet. Equation 22 

HE - 
BTNEU 
DINA 
HMX 
PETN 
ROX 
Te t r y l  
TNETB 
T N l  

BTNEUITNT 
60140 

HMXITNT 
74.8125.2 

Pentol i t e  
50150 

PTX-2 
PETN/ROX/TNT 
28143.2128.8 
ROXITNT 

60140 
ROXITNT 
75125 

Tetry l  /TNT 
70130 

6.783 2.604 
6.562 2.562 
6.772 2.602 
6.805 2.609 
6.784 2.605 
5.615 2.370 
6.587 2.567 
4.838 2.199 

5.977 2.445 

6.283 2.507 

5.796 2.408 

6.206** 2.491 

5.992 2.448 

6.292 2.508 

5.379 2.319 

Po = 1 glcm3 p0 = 1.6 g/cin3 

% - OC,lC & ,t,,. & Dexp Diff. 
6.05 5.50 +10.0 8.10 7.95 41.9 
5.95 5.95 0.0 7.97 7.73 +3.1 
6.04 6.03 +0.2 8.09 8.11 -0.2 
6.06 5.52 t9 .8 8.12 7.74 t4 .9 
6.05 6.03 tO.3 8.10 8.11 -0.1 
5.51 5.68 -3.0 7.37 7.44 -0.9 
5.96 5.61 +6.2 7.99 7.80 t2.4 
5.11 5.06 + l . O  6.84 6.97 -1.9 - 

Av. Abs. Error  3.8% 1.9I 

5.68 5.39 +5.4 7.61 7.67 -0.8 

5.82 5.75 t1.2 7.80 7.74 +Q.8 

7.40 +1.2 5.59 5.50 t1.6 7.49 

5.78 5.80 +0.7 7.75 7.74 to.1 

5.69 5.75 -1.0 7.62 7.65 -0.4 

5.83 5.83 0.0 7.80 7.80 0.0 

7.20 +0.1 5.39 5.55 -2.9 7.21  __ - 
Av. Abs. Error  1.8% 0.5% 

*Ref. 30. 

**Cornouted 
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60/40 BTNEU/TNT, acceptab le  ones a t  t h e  h ighe r  p o r o s i t y .  

i t s  p r e d i c t i o n  f o r  pure  e x p l o s i v e s  was n o t  good a t  t h e  lower  den- 

s i t y .  Wi th  t h e  excep t ion  o f  D I N A ,  t h e  HE showing t h e  h ighe r  d i s -  

c repanc ies  a t  p, = 1.6 g/cm e x h i b i t e d  g r e a t e r  d i sc repanc ies  (up 

t o  10% a t  t h e  g r e a t e r  p o r o s i t y . *  

However, 

3 

Those HE showing t h e  g r e a t e r  

d i f f e r e n c e s  between p r e d i c t e d  and observed D were BTNEU, PETN, 

and TNETB - a l l  h i g h  oxygen HE. 

no ted  i n  Ref.  30, b u t  no data f o r  h i g h  p o r o s i t y  BTNEU and TNETB 

were considered,** O f  course, r e s u l t s  of t h e  comparison between 

The d isc repancy  f o r  PETN was 

p r e d i c t i o n s  by t h i s  method and t h e  exper imenta l  va lues  w i l l  be 

i n f l u e n c e d  by t h e  cho ice  made f o r  t h e  exper imenta l  curve  more 

than t h e  two e a r l i e r  comparisons because t h e  o t h e r  methods a re  

b o t h  based on exper imenta l  va lues  whereas t h i s  one i s  n o t .  

SUMMARY 

It i s  suggested t h a t  t h e  r e c e n t l y  r e p o r t e d  sharp changes i n  

4 5 s lope o f  t h e  D(po) curves  a t  h i g h e r  d e n s i t i e s  f o r  TNT and PETN 

may r e s u l t  f rom changes i n  t h e  charges caused by ho t -p ress ing .  

I n  o t h e r  words, t h e  i nc reased  homogeneity o f  t h e  hot-pressed 

*Comparisons i n  Tables 4 and 5 a re  a t  f i x e d  d e n s i t i e s .  I f  
i n s t e a d  f i x e d  p o r o s i t y  i s  used, t h  p i c t u r e  i s  t h e  same. E.g., 
a t  57% TMD, i n s t e a d  o f  p = 1 g/cmg, t h e  s i n g l e  HE show an 
average abso lu te  e r r o r  07 5.5 and 3.6%, r e s p e c t i v e l y , f o r  va lues  
from t h e  U r i z a r  and Kamlet methods. 

* * In  t h e  case o f  D I N A ,  t h e  exper imenta l  da ta  used i n  Ref. 30 were 
t h e  Ref. 17 da ta  shown on F i g .  4. The h ighe r  d e n s i t y  va lue  was 
w e l l  above t h e  cu rve  chosen here  f o r  t h e  l i n e a r  curve; hence t h e  
d isc repancy  observed i n  Ref.  30 was n o t  as g r e a t  as t h e  p resen t  
+3.1%. 
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charges can inc rease  t h e  c r i t i c a l  d iameter and thereby  t h e  

diameter e f f e c t  (a  l o w e r i n g  o f  D a t  f i n i t e  diameters) on 

measured de tona t ion  v e l o c i t y .  There fore ,  i t  i s  s t r o n g l y  

recommended t h a t  t h e  e f f e c t  o f  ho t -p ress ing  on D be i n v e s t i g a t e d .  

D(p ) data f o r  TNT, PETN, BTNEU, D INA,  RDX(HMX) and t e t r y l  

have been reviewed and a bes t  exper imenta l  curve  se lec ted  i n  

each case. 

o f  HE m i x t u r e s  by an a d d i t i v i t y  r u l e .  

were i n  e x c e l l e n t  agreement w i t h  t h e  measured values (Ref. 20) 

a t  h igh  and low p o r o s i t i e s  except f o r  two h i g h  p o r o s i t y  mix- 

t u r e s  c o n t a i n i n g  PETN. The underest imate i n  these two cases 

m igh t  r e s u l t  f rom i n t e r a c t i o n  of t h e  de tona t ion  p roduc ts  of 

PETN w i t h  those o f  lower oxygen components. 

These curves have been used t o  p r e d i c t  t h e  D va lues  

The p r e d i c t e d  va lues  

The same s i n g l e  HE data were used t o  o b t a i n  Dc values. 

These i n  t u r n  were used i n  U r i z a r ' s  approx imat ion  f o r  Di. 

It gave very  good r e s u l t s  a t  p, = 1.6 g/cm3; ve ry  poor ones 

a t  p ,  = 1.0 g/cm . 3 

Kamle t ' s  approx imat ion  f o r  Di from t h e  H20 - C02 a r b i t r a r y  

decomposi t ion produced va lues  f o r  t h e  m ix tu res  i n  good agree- 

ment w i t h  exper iment a t  p, = 1.6 g/cm ; f a i r  agreement a t  

P o  

3 

3 
= 1.0 g/cm . However, t h e  same procedure r e s u l t s  i n  over 

t h r e e  percent  d i f f e r e n c e  a t  p o  = 1.6 g/cm' f o r  two s i n g l e  

exp los i ves  and i n  l a r g e  d i f fe rences  (up t o  10%) f o r  f o u r  

s i n g l e  exp los i ves  a t  p, = 1.0 g/cm . 
were f o r  t h r e e  h igh  oxygen con ten t  HE; BTNEU, PETN, and TNETB. 

3 The l a r g e s t  d i f f e r e n c e s  

73 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
1
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



The b e s t  o v e r a l l  method f o r  p r e d i c t i n g  D o f  m ix tu res ,  

s a t i s f a c t o r y  except  f o r  h i g h  p o r o s i t y  PETN mix tu res ,  i s  t h e  

a d d i t i v i t y  method o f  Eq. 17. I t s  f a i l u r e  i n  t h i s  case i s  

a t t r i b u t e d  t o  r e a c t i o n  between t h e  d e t o n a t i o n  p roduc ts  of 

PETN and those o f  oxygen d e f i c i e n t  components. 
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FIGURE 1 
Detonation Behavior of Hot-Pressed TNT 

(Ref. 6)  
a .  Critical Diameter vs Charge Density 
b .  D v s  p o  a t  Various Charge Diameters 
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FIGURE 2 

D ( p o )  Curves a n d  D a t a  for TNT 
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FIGURE 3 

D(p,)  Curves and Data for PETN 
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FIGURE 4 

D vs p, Data Recent ly  Reported for D I N A  
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FIGURE 5 

D(p , )  Curves and Data f o r  Tetryl 
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